The design and development of highly efficient and long lifetime Pd-based catalysts for hydrogenation reactions have attracted significant research interest over the past few decades. in the support, which serve as electron donors and enhance the adsorption and activation of reactants and subsequent conversion into products. Moreover, the catalyst can be recovered and reused up to 10 consecutive cycles without marked loss of activity. Overall, our results indicate that oxygen-deficient Pr 6 O 11 nanorods (NRs) not only play a role as support but also work as the promoter to substantially boost the catalytic activities for organic transformations, therefore, providing a novel strategy to develop other high-performance nanostructured catalysts for environmental sustainability.
Introduction
Metal-catalyzed hydrogenation reactions are important for large-scale production of pharmaceuticals, polymers, ne chemicals, and so on.
1,2 Palladium nanoparticles (Pd NPs), as one of the most active noble metals, has attracted increasing attention in these reactions. Unfortunately, Pd-based catalyst methods have signicant drawbacks, including high cost, easy aggregation due to high surface energy and poor recycling performance. 3, 4 Immobilizing Pd NPs on various supports, such as metallic oxides, 5 organic polymers, 6 carbon 7 or biomaterials, 8 has shown enhanced catalytic performance and stability in organic transformation reactions. In particular, anchoring noble metal NPs on metal oxide with oxygen vacancies not only exhibits good dispersion but also activates the reactants and accelerates the reactions. 9 On the other hand, the interaction between noble metals and supports (known as strong metalsupport interaction, SMSI) will inuence both the activity and selectivity during catalytic processes. 10, 11 Therefore, rational selection of supports should be taken into consideration in the development of highly efficient and stable catalysts. The oxides of rare earth elements have been widely used in high-performance luminescent devices, catalysts, promoters, and many others on account of their unique electronic, optical, magnetic and chemical properties. [12] [13] [14] Praseodymium oxide, an important rare earth material, has been studied as an adsorbent for dye removal, 15 Au-catalyzed support for CO oxidation, 16 catalysts for ethane and ethylene synthesis, 17 ceramic pigments 18 and other functional materials. Praseodymium oxides have various kinds of stoichiometrical oxides, for instance, Pr 2 O 3 , PrO 2 , Pr 4 O 7 and so on, among these oxides, Pr 6 O 11 is a stable phase in air at ambient temperature, 16, 19 and it is an n-type semiconductor with high electrical conductivity involving the 4f shell of their ions, 20 which could trigger electronic interactions with loaded noble metals through SMSI, thus is in favor of adsorption and activation of reactants and subsequent conversion into nal products. 21 Bearing these in mind, and taking the advantages of oxygen-decient oxide support, in this work, Pr 6 O 11 nanorods are prepared by thermal treatment of Pr(OH) 3 precursor in air and used as support for loading Pd NPs. In this context, we develop a hydrogen thermal reduction method to load Pd NPs on oxygen-decient Pr 6 O 11 support, and study the catalytic performances as heterogeneous catalyst for hydrogenation of styrene and 4-nitrophenol. X-ray powder diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), X-ray photoemission spectroscopy (XPS), electron paramagnetic resonance (EPR) were carried out to characterize Pd/Pr 6 O 11 nanocatalysts. The results demonstrate that obtained Pd/Pr 6 O 11 nanocatalysts exhibit superior catalytic activities in hydrogenation reactions of styrene and 4-nitrophenol. When the actual loading weight content of Pd NPs is 1.42 wt%, the turnover frequency (TOF) value of styrene hydrogenation is as high as 8957.7 h À1 at room temperature, which is comparable to the highest value (8973 h À1 ) for hydrogenation of styrene that has been reported to date.
5
Excellent catalytic activity is also observed in 4-nitrophenol hydrogenation reaction, which rate constant value is measured to be 0.0191 s À1 . The unique electron structure of rare earth metal oxides, the oxygen-decient Pr 6 O 11 support, and the existing SMSI facilitate the adsorption and activation of reactants, thus resulting in highly efficient activities in hydrogenation reactions. We anticipate that this study will help to encourage a further research and application of other rare earth metal oxides as supports for catalytic reactions and enhance large-scale production of chemicals with advanced catalytic performances and increased environmental sustainability. 3 NRs at 600 C in air for 3 h.
Experimental section

Synthesis of Pd/Pr 6 O 11 nanocatalyst
The Pd NPs were loading on praseodymium oxide nanorods by wet impregnation and H 2 reduction method. In a detail, 1410 mL of Na 2 PdCl 4 (10 mM) aqueous solution (the nominal weight content was 1.5 wt%) was dispersed into 20 mL of distilled water and then 100 mg of Pr 6 O 11 sample was added. Aer ultrasonic treatment for several minutes, then the mixture was stirred vigorously for 12 h at room temperature for palladium ion adsorption. Subsequently, the solid was recovered, rinsed with distilled water and ethanol, and dried at 60 C overnight.
Finally, the as-prepared solid was calcined at 350 C (5 C min À1 ) for 2 h in 5% H 2 /Ar gas, and Pd/Pr 6 O 11 sample was obtained.
Characterizations X-ray powder diffraction (XRD) patterns of samples were carried out by Philips X'Pert Pro Super diffractometer, which was radiated by graphite monochromatized Cu Ka (l ¼ 1.54178Å).
The operating voltage was maintained at 40 kV, the current was maintained at 200 mA and analyzed in the range of 10 # 2q #
70
. Scanning electron microscopy (SEM) images were performed on a eld-emission scanning electron microanalyzer (JEOL JSM-6700F, 15 kV). Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM), scanning transmission electron microscopy (STEM) images and energy dispersive X-ray spectroscopy (EDX) analysis were measured on FEI Talos F200X operated at 200 kV. The X-ray photoemission spectroscopy (XPS) was performed on Perkin-Elmer RBD upgraded PHI-5000C ESCA system. JEOL JES-FA200 EPR spectrometer was used here to examine the electron paramagnetic resonance (EPR) spectra with the operating parameters 140 K, 9064 MHz, 0.998 mW, X-band. The actual concentration of Pd was analyzed by inductively coupled plasma-mass (ICP-MS) optical emission spectroscopy on the optima 7300 DV, PerkinElmer. The reaction conversion measurements were carried out using gas chromatography (GC) (Agilent 7890B).
General experimental procedure for catalytic hydrogenation of styrene
The catalytic activity measurements of Pd/Pr 6 O 11 catalysts for styrene hydrogenation reaction were carried out by using H 2 (1 atm) as the reductant at room temperature. Typically, Pd/Pr 6 O 11 (5 mg), styrene (570 mL, 5 mmol) and 1,3,5-trimethylbenzene (internal standard, 500 mL, 3.6 mmol) were added into 10 mL of absolute ethanol under constant stirring. The progress of the reaction was detected by gas chromatography (GC) equipped with a ame ionization detector (FID) at different reaction time intervals, and the conversion ratio was calculated by the area ratio of substrate and product according to the internal standard method. The recyclability of Pd/Pr 6 O 11 catalysts was evaluated as follows: the reaction was performed under the same conditions as described above, and a successive of operations was carried out by centrifugation and washing the solid with water and ethanol thoroughly aer the end of the reaction, followed by drying at 60 C in a vacuum oven overnight. Then the recycled Pd/Pr 6 O 11 catalysts were re-dispersed into a new reaction system under the same conditions for the next run.
General experimental procedure for 4-nitrophenol reduction reaction
In a typical procedure, 4-nitrophenol (100 mL, 10 mM) was added into NaBH 4 aqueous solution (8 mL, 0.1 M) under constant stirring for about 10 min. Then Pd/Pr 6 O 11 aqueous suspension (100 mL, 1.4 mg mL À1 ) was quickly added into above solution under continuous stirring until the solution turned colorless. The reaction progress of 4-nitrophenol reduction was monitored at different time intervals by the UV-visible absorption spectra of the ltrated solutions.
Results and discussion
The oxygen-decient Pr 6 O 11 NRs supported Pd NPs with clean surface were fabricated via a simple and surfactant-free thermal reduction method. Pr(OH) 3 NRs were obtained by hydrothermal treatment at 120 C for 12 h, followed by annealing at 600 C for 3 h to obtain Pr 6 O 11 NRs, and the color of the products turned from light green to brown. Pd NPs were immobilized on the Pr 6 O 11 support by thermal reduction method at 350 C for 2 h in 5% H 2 /Ar (see Experimental section for details) with the color of the sample further changed to grey. As a result, the ultra-small Pd NPs were successfully loaded on oxygen-decient Pr 6 O 11 nanorod support. The crystal structure and phase purity of the as-prepared samples were tested by X-ray diffraction (XRD) patterns and shown in Fig. 1 . The obtained Pr(OH) 3 NRs adopt a hexagonal structure and the corresponding lattice parameters are a ¼ 0.6456 nm and c ¼ 0.3755 nm, which is consistent with the standard powder diffraction le of Pr(OH) 3 (JCPDS no. 83-2304). All detectable diffraction peaks in Fig. 1b can be readily indexed to a face-centered cubic structure of Pr 6 O 11 , which are in good agreement with the standard powder diffraction le of Pr 6 O 11 (JCPDS no. 42-1121) with lattice constant a ¼ 0.5468 nm. No peaks from other phases can be detected, indicating the high purity of the as-made Pr 6 O 11 NRs. All the peaks in Fig. 1b Transmission electron microscopy (TEM) and highresolution transmission electron microscopy (HRTEM) measurements were performed to characterize the morphology and structure features of as-synthesized products and the images are shown in Fig. 2 . It can be seen that Pr(OH) 3 NRs have straight and smooth surfaces with an average diameter of 30 nm (Fig. 2a) . It is worth noting that the morphology of Pr 6 O 11 NRs can be well maintained aer annealing Pr(OH) 3 NRs, but the surfaces of Pr 6 O 11 NRs become a little coarse, which is likely due to dehydration of Pr(OH) 3 during calcination process (Fig. 2b) . As shown in Fig. 2c and d , the lattice fringes of Pr 6 O 11 NRs aer loading Pd NPs are assigned to the (200) plane with a spacing of 0.284 nm. Obviously, Pd NPs are uniformly deposited on the surface of Pr 6 O 11 NRs, and the average crystallite size of Pd NPs is about 2.60 nm (Fig. 2e) . The lattice spacing of Pd NPs is about 0.224 nm, which is consistent with the (111) plane of metallic Pd. Moreover, aer Pd loadings, the surfaces of Pr 6 O 11 NRs become porous and rough, which is caused by Pd-catalyzed instant hydrogenation of Pr 6 O 11 , in agreement with XRD results. Consequently, conrming the existence of strong metalsupport interaction (SMSI). This phenomenon has been proved to accelerate catalytic performance and boost the stability of asobtained catalysts. 22, 23 The high-angle annular dark-eld scanning transmission electron microscopy (HAADF-STEM) measurements were adopted to further conrm the uniform distribution of Pd NPs on the Pr 6 O 11 support. The elemental mapping images (Fig. 2f-i) clearly reveal the uniform distribution of Pr, O and Pd elements throughout the whole Pr 6 O 11 NRs.
In order to determine the elemental composition and chemical state of various elements in Pd/Pr 6 O 11 NRs, X-ray photoelectron spectroscopy (XPS) measurements were carried out. The survey spectrum proves the existence of Pr, O and Pd elements (Fig. 3a) . It can be seen that Pr 3d exhibits two strong peaks at around 933 eV and 954 eV (Fig. 3b) , which correspond to Pr 3d 5/2 and Pr 3d 3/2 energy levels, respectively. According to the previous report, the XPS spectra of Pr 3d can be deconvoluted into three peaks, the strong peaks with binding energies of 933 eV for Pr 3d 5/2 correspond to Pr 3+ and other two peaks are attributed to Pr 4+ (935 eV) with a shake-off satellite (930 eV).
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From XPS data, the atomic ratio of Pr 4+ to Pr 3+ was estimated to be about 0.168, and the average valence of praseodymium atoms in this sample was calculated to be ca. 3.17, which is a little lower to the expected value of 3.66 for Pr 6 O 11 , namely, the chemical formula of this sample is Pr 6 O 9.5 , therefore, XPS results conrm that oxygen vacancies indeed exist in oxide support. The corresponding O 1s XPS spectrum can be tted into two components (Fig. 3c) , the lower binding energy at 528.95 eV, accounting for about 11.98% of the O 1s spectrum, is the typical metal-oxygen bonds of Pr-O; the higher binding energy at 531.45 eV, which accounts for ca. 88.02% of the O 1s spectrum, can be readily assigned to adsorbed oxygen on the surface of catalysts. 27, 28 Pd 3d spectrum of Pd/Pr 6 O 11 ( Fig. 3d ) can be deconvoluted into two sub-peaks as 3d 5/2 and 3d 3/2 levels of Pd. The spectrum of Pd 3d 5/2 exhibits two different chemical states of Pd. The main peak at 337.6 eV could be ascribed to Pd(II), and the other peak centered at 335.9 eV proves the presence of metallic Pd(0). As compared to unsupported Pd NPs, the position of these two peaks shis to higher binding energy values, 24, 28 thus suggesting the electronic communication and strong metal-support interaction (SMSI) occur between Pd NPs and Pr 6 O 11 support.
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Electron paramagnetic resonance (EPR) measurements were performed to further reveal the formation of oxygen vacancies in as-obtained Pd/Pr 6 O 11 samples (Fig. 4) . The pristine Pr 6 O 11 NRs show no EPR signal due to its antiferromagnetic characteristics. However, aer H 2 thermal reduction treatment for Pd loadings, a sharp and strong signal with the g value of 2.002 appears, which has previously been assigned to the paramagnetic state of the oxygen vacancies ðV o Þ. 29 Oxygen vacancies are in favor of adsorbing atmospheric oxygen molecules and O 2 was reduced to $O 2 À , thus producing a strong signal in EPR spectrum. 30 The EPR result further conrms the presence of abundant oxygen vacancies, which could serve as free electron donors and increase both the electrical conductivity of samples and the electron density of Pd surface, consequently improving the catalytic activities.
Olen hydrogenation reactions are frequently used in the industrial process, and has also been important reactions used in the environmentally friendly chemical process. 31, 32 Therefore, the catalytic activity of Pd/Pr 6 O 11 nanocomposites was investigated for the styrene hydrogenation by using 1,3,5-trimethylbenzene as internal standard and ethanol as solvent at room temperature under 1 atm H 2 , as elucidated in Scheme 1. The reaction progress was monitored by gas chromatography (GC) equipped with a ame ionization detector (FID) at different reaction time intervals. Gratifyingly, we observed a highly efficient catalytic activity of the catalyst in the hydrogenation reaction. As shown in Fig. 5a , when the actual Pd loading amount is 1.42 wt% (determined by ICP-MS), the styrene was converted into ethylbenzene completely with 40 min, and the corresponding turnover frequency (TOF, calculated by moles of substrate converted per mole of Pd per hour) value reaches as high as 8957.7 h À1 . To the best of our knowledge, this TOF value for styrene hydrogenation is comparable to the highest value (8973 h À1 ) of Pd single atoms supported on TiO 2 that has ever been reported to date. 5 The comparison for the catalytic activity of styrene hydrogenation is listed in Table 1 , obviously, our Pd/ Pr 6 O 11 catalyst is one of the best catalysts reported so far, View Article Online and comparable to Pd single atoms supported on TiO 2 catalyst.
5
It should be noted that there is no obvious activity of pure Pr 6 O 11 support, this implies that Pr 6 O 11 NRs only play a role as support and promoter for highly efficient catalytic performance. The recyclability of the catalyst for styrene hydrogenation was performed by ltering and drying of the samples at the end of the reaction, and reused in a new reaction system under the same condition and the results are displayed in Fig. 5b . It can be seen that the catalyst could be reused for up to ten successive reactions with only about 4% activity loss. Such good recycling performance can be attributed to the effective stabilization of active Pd NPs by Pr 6 O 11 NR support, which also conrms the SMSI takes place between Pd NPs and Pr 6 O 11 support.
As well-known, 4-NP is an organic pollutant and by-product of some industrial reactions. 41, 42 Therefore, it is necessary to convert 4-NP into environmentally friendly chemicals. Herein, p-nitrophenol (4-NP) hydrogenation was also chosen as a model reaction to further evaluate the catalytic activity of assynthesized Pd/Pr 6 O 11 catalyst, where NaBH 4 was used as the reducing agent. The catalytic reduction of 4-NP was performed at room temperature by adding 100 mL (1.4 mg mL À1 ) Pd/Pr 6 O 11 nanocatalysts into mixed solution of 4-NP (100 mL, 10 mM) and NaBH 4 (8 mL, 0.1 M). The reaction progress was monitored by UV-vis absorption spectroscopy, as shown in Fig. 6 . As the amount of NaBH 4 is in excess compared to 4-NP, therefore the concentration of BH 4 À can be considered as constant throughout the reaction, indicating only 4-NP and p-aminophenol (4-AP) inuence the reaction kinetics. 43, 44 The intensity of absorption peak at 400 nm is related to the 4-NP concentration, while the intensity of absorption peak at 300 nm corresponds to the 4-AP concentration (reaction product). [45] [46] [47] From Fig. 6a , it can be seen that aer the introduction of the assynthesized catalyst, the absorption peak at 400 nm dropped quickly in intensity, along with the increased intensity of the peaks at 300 nm. Moreover, the color of the solution changed from bright yellow to colorless. This phenomenon suggests that the 4-NP was efficiently reduced to 4-AP and proving the excellent catalytic performance of the as-obtained nanocatalysts. The hydrogenation reaction completed very fast, as evidenced by the fact that the absorption peak at 400 nm nearly decreased to zero within 180 s. Fig. 6b exhibits the relationship between ln(C t /C 0 ) and reaction time (t), where C 0 and C t are the concentrations of 4-NP at time 0 and t, respectively. The apparent rate constant k was calculated by tting with a model function of the form ln(C t /C 0 ) ¼ Àkt, and the results are shown in the ESI Table S1 , † together with the reported data for comparison. It can be seen that the apparent rate constant value for our Pd/Pr 6 O 11 catalyst is 0.0191 s
À1
, which is much higher than many of previously reported catalysts for 4-NP reduction.
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Above results demonstrate that our developed Pd/Pr 6 O 11 nanocomposites exhibit highly efficient styrene and 4-NP hydrogenation performance, the reasons for such enhanced catalytic performance may be rationalized by the following factors. (1) As conrmed by TEM and HRTEM analysis, Pd NPs have clean surface without any other organic groups and ultra- 9,57,58 Taken together, the emerging SMSI and oxygen vacancies play important roles in promoted catalytic activity.
59,60
Conclusions
In summary, we have combined a simple and surfactant-free thermal reduction method with rare earth metal oxide support to fabricate oxygen-decient and surface-clean Pd/ Pr 6 O 11 nanocatalysts. The styrene and 4-NP hydrogenation reactions are tested as model reactions to evaluate the catalytic performances of as-obtained nanocomposites, the results show that Pd/Pr 6 O 11 nanorods indeed display highly efficient catalytic activity and superior stability. Specically, the TOF value for styrene hydrogenation is as high as 8957.7 h À1 , which is comparable to the highest TOF value that has been reported so far. And the rate constant value for 4-NP hydrogenation reaction is measured to be 0.0191 s
À1
. The as-synthesized nanocatalyst exhibits excellent catalytic activity and stability up to 10 consecutive cycles. It is found that Pd nanoparticles have ultrasmall particle size and are evenly distributed on the support, and Pd-catalyzed instant hydrogenation of Pr 6 O 11 leads to oxygen vacancies and rough surface of Pr 6 O 11 nanorods, consequently inducing strong metal-support interaction, this could accelerate the reactions and improve the stability. Moreover, the oxygen vacancies in Pr 6 O 11 support can serve as electron donors and enable the high electron density of Pd species, thus promoting the activation of C]C bond, which boosts the catalytic activity toward styrene and 4-NP hydrogenation reactions. We anticipate that this work not only opens a new possibility for designing highly efficient catalysts for hydrogenation reactions, but also helps to trigger the potential utilization of rare earth elements and their oxides in other catalytic systems, which is benecial for the large-scale production of chemicals with advanced catalytic performance and environmental sustainability.
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